Introduction
Comprehensive computer simulations of a diode-laser operation are based on an accurate modelling of interrelated physical (optical, electrical, thermal, recombination and sometimes also mechanical) phenomena taking place within laser volumes. They enable anticipation of performance characteristics of a laser device under consideration, which is a much more efficient and cheap method in designing its structures than hitherto used trial-and-error ones. In modelling of an operation of diode lasers, a detailed description of an interaction between optical wave and matter is the most important part. The optical model of a diode laser should enable, for successive cavity modes, a detailed determination of their intensity profiles within laser cavities as well as values of their modal gain and losses leading to a determination of modal lasing thresholds. Depending on model exactness and complexity, there exist simplified scalar and more involved vectorial optical approaches. Up to now usually simplified scalar optical approaches have been used in diode-laser modelling requiring solving a single wave equation with appropriate boundary conditions. The scalar optical approaches are based on a general assumption of an optical field within a laser cavity in a form of a plane wave. In standard diode lasers of relatively large optical cavities, the above assumption is approximately valid, hence an application of simplified scalar optical approaches is quite justified. However, reductions in laser threshold currents during last years have been usually achieved with the aid of reductions in the sizes of the modern semiconductor lasers' cavities making them often comparable to the laser's wavelength so that the plane wave assumption for the optical-field propagation is no longer valid. Then much more complicated vectorial optical approaches have to be used requiring, however, solving six coupled equations for all components of both electric and magnetic fields. Their algorithms are very involved increasing the time taken to complete calculations by a factor of up to one hundred as compared to the scalar computations. However, scalar optical models sometimes give approximately correct results even beyond their confirmed range of validity. In such cases, it may be unnecessary to use the full vectorial model, unless there are confirmed faulty results from the scalar model.
Therefore the main goal of this paper is to define real limits of validity of the scalar optical approaches as used to analyse optical fields in modern edge emitting (in-plane) diode lasers (EELs) by comparing the results obtained from the approximate scalar model with those of the full vectorial one. In the above comparison, the most popular scalar approach to optical phenomena in diode lasers, i.e., the effective index method (EIM), is used as a typical scalar optical approach, whereas the advanced method of lines (MoL), as a vectorial one. There are also known other scalar optical methods, as e.g., the scalar mode-matching or the scalar finite-difference techniques, but their assumptions, which enables us reducing the Maxwell equations to the Helmholtz one, are similar to the assumptions of EIM. Therefore the conclusions reached in this paper can be generalized. Both the above methods, i.e., EIM and MoL, are applied for simulation of an operation of a typical GaAs-based oxide-confined EEL emitting the optical wave of the wavelength close to 1.3 µm. This wavelength corresponds to the second optical window for the fibre telecommunication.
The models
In the simulation of optical phenomena within the semiconductor lasers [1] [2] [3] [4] , scalar optical approaches are usually used. In such models, changes of the refractive index are assumed to be relatively small and the propagating wave is postulated to respect the plane wave assumption. Therefore the electromagnetic wave can be treated as a scalar field, which can be separated onto independent functions describing the electromagnetic wave separately along each co-ordinate direction. Details of the EIM scalar model [4] used in the simulations are given in Appendix A.
The vectorial optical method is represented by the method of lines (Appendix B). The MoL was invented by Listkovets in 1965 [5] and utilized in the waveguide theory by Pregla and his group [6] . Vectorial optical models are relatively complex (they often need special calculation algorithms) and definitely very time-consuming. From among them, MoL is one of the most effective ones. The initial set of Maxwell equations [7] are solved in MoL precisely, without any artificial assumption. The domain of the laser is discretized in one direction, whereas, in the other, the analytical solution is found. The characteristic equation for the effective index is determined and characteristic vectors corresponding to the mode distribution can be also found.
The results
In simulations of a laser operation, the final task is usually to calculate the output power as a function of the applied voltage or the operation current. This makes it necessary to model in a self-consistent way many interrelations between electrical, thermal, gain and optical phenomena. Those phenomena interact with one another. The focus of this paper is, however, on determination of validity limits of scalar optical approaches themselves. Then any uncontrolled impact of electrical, thermal or gain phenomena may make difficult purely optical comparison of scalar and vectorial optical models. Some unacceptable behaviour of fully self-consistent models may follow from their electrical and thermal parts that would make difficult testing a performance of a scalar optical model. Thus, the details of a carrier transport and a thermal flow are intentionally omitted here by using a constant optical gain in the active quantum wells (QWs) of the structure (a step-like gain profile). Our goal is to determine, for successive radiation modes, their effective indices, i.e., their wavelengths, and threshold carrier concentrations as well as to compare the scalar results with the vectorial ones.
In this paper, we consider the EEL structure ( Fig. 1 (Fig. 1 ). An essential difference between the vectorial and scalar modes is made by their polarization. The scalar modes (Appendix A) are assumed to be polarized (TE polarization) whereas the vectorial modes (Appendix B) are hybrid ones (HE and EH). Therefore the vectorial modes are determined by six components of the electromagnetic field contrary to the scalar modes which are defined only by three components. In the analysis, the co-ordinate system is used with the z-axis along the propagation direction, the y-axis perpendicular to layer boundaries, and the p-n junction situated in the xz plane (Fig. 1). 
An impact of an oxide stripe aperture width
The first analysis concerns an impact of the stripe aperture width of the structure. The well-known behaviour of increasing aperture width is lowering the threshold carrier concentration as well as decreasing the distance between successive modes in terms of their threshold concentrations. Also the effective index of the modes increases and gradually approaches the limit of the refractive index of the active region material.
The results shown in Fig. 2 present the variation of the mode effective indices, i.e., the wavelength of emitted radiation versus aperture width for the first three lowest-order even modes (analogous plots for the odd modes are very similar). As expected, both models predict an increase in the effective index with the aperture size because the wider aperture allows the better mode confinement within the active region of higher index of refraction. The wider aperture width, the closer are values of the effective indices determined with the aid of both the approaches. However, as compared with vectorial nonplane counterparts, scalar plane waves penetrate for narrower apertures the regions out of the active region to the more extent, which is followed by their somewhat lower effective indices. Distinctly different results of both models for apertures close to the cutoff width are caused by neglected diffraction losses in the scalar model. Because of the diffraction, the optical field of the vectorial mode leaks from the aperture window and oscillates significantly within the outer region (Fig. 3) . The scalar mode also leaks from the aperture but smoothly decays within the outer region, which allows for guiding the mode. However, nonplane vectorial modes are better confined within the central high-index-of-refraction region, therefore their corresponding effective indices are distinctly higher for narrower apertures. Both the vectorial and scalar threshold analyses (Fig. 4 ) predict a decrease in the threshold carrier concentration with an increase in the aperture size. As expected, for the whole investigated aperture range and both the scalar and vectorial approaches, the fundamental mode reaches the lowest threshold value, although, for wider apertures, it is only slightly lower than the threshold of the first-order mode. For the fundamental modes and relatively wide apertures, threshold carrier concentrations determined using both scalar and vectorial approaches are practically identical. However, discrepancy between them is gradually increased with a decrease in the aperture size and becomes much more considerable for higher-order modes. Higher values of the threshold carrier concentration achieved with the MoL can be explained by an influence of the diffraction losses not included in the scalar model and especially important for higher order modes and smaller stripe widths.
Figures 5 and 6 present the relative errors of the EIM algorithm comparing to the MoL one committed during the mode effective index and the threshold analyses, respectively. As one can see in Fig. 5 , quite a good agreement is usually observed between the models in the case of the effective index determination. Especially, the fundamental modes do not reveal, for the whole aperture-width range, the relative errors bigger than 5% chosen somewhat arbitrarily as the limit of acceptable error. The higher-order modes, on the other hand, exhibit errors less than 5% only for wider apertures. For narrower ones, the errors are increasing dramatically when the cutoff values of apertures are approaching. The rapid decreases in the error for broader apertures originate from intersections of both the functions (c.f. Fig. 3 ). However, in the case of the threshold analysis (Fig. 6) , the error exceeds 5% for the higher order modes within the whole analysed range of the aperture width. It follows from less realistic in this case the plane-wave assumption of the scalar model, which stimulates a significant difference between the results. Besides, the vectorial model takes into account the diffraction losses, which increases additionally the threshold carrier concentration. Generally, the scalar approach is proved to be much less exact in the analysis of the lasing threshold than it is in the case of determination of the effective index of refraction, i.e., the emission wavelength.
An impact of an oxide aperture thickness
From an optical point of view, the thickness of the oxide aperture has not such a crucial influence on the lasing action, as for example its position. Nevertheless, it is important to determine its minimal value, because thick enough apertures ensure efficient confinement of an optical field, which is followed by a minimal value of the lasing threshold. indices on the oxide thickness. The results display two distinctly different trends. With an increase in the oxide thickness, the scalar EIM predicts a continuous effective index decrease, whereas, according to the vectorial MoL, after a small initial increase, the effective index of refraction becomes saturated. Such behaviour of the modes requires more detailed interpretations. Figures 8(a) and 8(b) present mode profiles along the y direction perpendicular to the p-n junction plane for two oxide thicknesses. The EIM modes meet the plane wave assumption that in general, as compared with vectorial ones, leads to more extensive penetration of the regions defined by the lower refractive index. An increase in the oxidation thickness causes rapid lowering of the effective index of the scalar mode (Fig. 7) , because larger part of the slowly decaying mode-intensity tail occurs inside the low-index oxide layer [ Fig. 8(b) ]. The saturation of the effective index is observed in this case for oxide thickness close to 0.5 µm. The opposite situation occurs for the vectorial simulation mainly because the MoL is not incriminated by the plane wave assumption. Then, for a narrow oxide layer, one can observe the leakage of the mode [ Fig. 8(a) ] as an oscillation of the field out of the waveguide. That is a symptom of the weak confinement. Then, initial increasing of the oxidation thickness causes increase in the refractive index because the vectorial mode does not remain within the oxide layer, as it is in the scalar case, but completely moves back from the oxidation, and becomes efficiently confined within the waveguide [ Fig.  8(b) ]. The efficient confinement occurs already for oxidation thicker than 0.08 µm and the further broadening of the oxidation does not affect the effective index (Fig. 7) . The simulation proves quite a good conformity of both the approaches for thin apertures and low-order modes. An increase in both these parameters leads to more pronounced differences between the algorithms, mainly because the plane wave assumption is violated for the higher-order modes and for the structures defined by the distinct contrast of the refractive index. The threshold carrier concentrations calculated by EIM and MoL are presented in Fig. 9 . Both methods predict initial reduction and then the saturation of the threshold carrier concentration for oxidation thicknesses larger than 0.1 µm. Results calculated with the aid of both the approaches are nearly identical in the case of the fundamental modes. However, with an increase in the mode order, considerable discrepancies can be noted. Both algorithms predict for thicker oxidation thicknesses the efficient confinement of the modes in the x-direction, hence the trends of the threshold carrier concentration functions remain similar. However, higher lasing thresholds of vectorial modes, especially for higher-order ones, originate from the diffraction losses that are incorporated only in the vectorial algorithm.
The analysis of the error committed by the scalar EIM method in the effective-index determination (Fig. 7) proves it to be always less than 5%. Analogous threshold analysis (Fig. 10 ) reveals error saturation for oxidation thicker than 0.2 µm. As expected (see Fig. 9 ), threshold-carrier concen- trations determined for the fundamental modes with the aid of both the scalar (EIM) and the vectorial (MoL) approaches are nearly identical. For oxidation thicknesses exceeding 0.1 µm, also the analogous error committed for the first-order mode is less than 5%. Further increase in mode orders increases this discrepancy mostly because of diffraction losses not included in the scalar analysis.
An impact of an oxide position
As an oxide aperture is the key element in electrical and optical lateral confinements in the edge emitting oxideconfined diode laser, its localization should play an important role. The intuitive presumption leads us to the conclusion that there should exist its optimal position corresponding to the minimal lasing threshold. If the oxide layer lies too close to the waveguide (so the cladding layer is too thin), it can push out the electromagnetic field to the opposite side of the waveguide and the maximum of the field will not coincide with the active region which will be followed by worse overlapping of gain and optical field distributions and, finally, by a lasing threshold increase. On the other hand, if the oxide layer is placed too far from the waveguide, field confinement in the y direction will be too low leading to undesired field penetration of passive layers and worse coupling between it and the carriers within the active region. Therefore, in the current analysis, the varied parameter is the thickness of the cladding layer D cladd since that layer separates the waveguide from the oxidation. The value of the mode effective indices calculated using the scalar and the vectorial approaches (Fig. 11) reveals the minimum for each mode within the range of cladding layer thicknesses D cladd from about 0.3 to 0.5 µm. That indicates the most efficient influence of the oxide aperture on the mode distribution within this range. As it was mentioned, the position of the oxide layer close to the waveguide pushes the field out of the active region. The y-directional modes distributions are depicted in Fig. 12 for D cladd = 0.1 µm. Additionally, too thin cladding does not protect the electromagnetic field from the leakage from the active region to the p-contact layer. That situation implies high values of the effective index for too thin both the cladding layer and the oxidation layer (Fig. 12) . On the opposite border of the considered range of D cladd , for the thick cladding layer, the oxide layer is far enough from the waveguide not to interact with the electromagnetic field. Hence, there is no influence of the low refractive index region on the effective index of the mode. In such a situation, the effective index increases with an increase in the cladding layer thickness, moreover modes leak in this case from the active re- Fig. 9 . Dependence of the threshold carrier concentration N th on the oxidation thickness for the scalar (TE -modes, solid lines) and vectorial (HE and EH -modes, dashed lines) modes. The aperture width of 12 µm is assumed. gion in the x-direction since then confinement of the mode becomes weak (Fig. 13) . Then, there exists a minimum of the effective index function, which corresponds to the strongest interaction between the field and the oxidation. For the fundamental mode, the minimum is located for EIM in D cladd = 0.36 µm and for MoL: D cladd = 0.39 µm. Threshold carrier concentration functions determined for both models follow from the above-described processes. The calculated threshold carrier concentrations are presented in Fig. 14 . The optimal cladding thicknesses ensuring minimal lasing thresholds for fundamental modes are close to each other for both methods and agree with the optimal values found in the effective index analysis. For the fundamental mode, minimal threshold values determined by both the scalar and vectorial models are practically identical. For higher-order modes, however, analogous minimal threshold values are somewhat higher for vectorial modes because of diffraction losses not included in the scalar approach and definitely increasing with an increase in the mode order. Similar situation is for thinner claddings, whereas for cladding much thicker than the optimal one, the situation becomes somewhat different. Vectorial modes (HE 00 , EH 00 , HE 01 ) show distinctly lower thresholds than scalar ones. That originates from the better vectorial modes confinement by the lateral waveguide effect. The modes, which still remain within the aperture, are gained by the interaction with the active region. Acceptable range of D cladd values ensuring low lasing thresholds has been found to become narrower with an increase in the mode order. As expected, higher-order modes are more sensitive to the oxide position, which enables a proper enhancement of mode selectivity.
The effective index analysis reveals a good agreement between results of both the models. For all of the analysed modes, error is less than 5%. Figure 15 gives the analogous error for the threshold analysis. As one can see, the error is reduced to the minimum for the optimal cladding thickness. On one hand, the close position of the oxidation to the active region (low D cladd values) is followed by much more intense leakage of the vectorial mode to the high-loss p-contact layer (Fig. 12) than that of the scalar one. On the other hand, however, the distant position of the oxidation makes weaker the interaction between the oxidation and the wave. More sensitive to the weak interaction is the vectorial model. It may be concluded from the above analysis that both models anticipate similar lasing thresholds only for cladding thicknesses close to their optimal values (Fig. 15) . Errors committed during the threshold determination with the aid of scalar modes increase dramatically when the cladding becomes essentially different from the above value. 
Summary and conclusions
Scalar optical approaches provide a very efficient tool for laser designers. Simplicity of their calculation algorithms, which is manifested in short calculation times and minor memory storage, makes possible fast calculations even using PC computers. Assumptions of scalar modes, which make them so efficient, introduce, however, simplifications, which may lead sometimes to faulty results. First of all, the basic scalar assumption about the plane optical wave is violated for cavity sizes comparable to the radiation wavelength. There is a general tendency to reduce sizes of practically all semiconductor devices. In the case of diode lasers, for example, it is followed by a desired reduction in their lasing thresholds. Within such structures, the optical wave is not similar to the plane wave any more, which not only influences its propagation but also causes diffraction losses, not included in the scalar models. On the other hand, the vectorial methods are much more complicated, since they are based on the solution of six coupled equations. They give more exact results at the price of much longer computational time. Scalar optical approaches have been, however, often proved to work properly even beyond their confirmed range of validity. It would be therefore beneficial to determine conditions for which results of simple scalar optical approaches may be acceptable. Accordingly, the goal of the paper was an analysis of the real validity of the simple scalar algorithms comparing to the more exact vectorial ones for the simulation of an operation of stripe-geometry Fabry-Perot semiconductor lasers. Validity of scalar models has been found to depend on some crucial construction details, as for example dimensions of a laser active region as well as a thickness and a position of oxide apertures. Sometimes, also a subject of modelling requires its better exactness, which means that an application of vectorial models becomes then unavoidable.
We have carried out the comparative analysis of the optical models for simulation of an operation of the double quantum well 1.3-µm GaAs-based oxide-confined edgeemitting (in-plane) stripe-geometry diode laser. We have determined the regions where both the effective index and the threshold carrier concentration determined with the aid of the simplified scalar approach manifest, as compared with those obtained using the vectorial one, the relative error less that 5%. The regions of good conformity are collected in Table 2 . While the scalar model has happened to be exact for the lowest-order transverse modes for not too narrow aperture widths and not too thin oxide thickness, the position of the oxide aperture has been found to be more critical, so the scalar model remains approximately exact only for the aperture localization very close to its optimal anti-node position. The main reason causing the discrepancy between the models is the assumption of the plane wave in the scalar approach, which is followed by neglecting the diffraction losses. Therefore the scalar approach gives unsatisfactory results for cases, where the above plane-wave assumption is violated, which occurs for narrow aperture widths, high-order modes and/or weak waveguide effect.
Possibility of justified application of simplified scalar optical approaches depends not only on the laser structure under consideration but also on the goal of modelling. For example, the comparative analysis has often revealed a very good agreement between the models (scalar and vectorial) in determination of the effective index of refraction, i.e., the wavelength of emitted radiation. Analogous determination of lasing thresholds requires, however, usually more exact vectorial approaches. Although the quantitative agreement between the models is sometimes questionable, both methods predict similar qualitative behaviour of analysed physical phenomena. The latter may sometimes convince perspective users to rely on the scalar approaches, especially that their calculation time is 10 2 -10 3 times shorter than that of vectorial models. Nevertheless, scalar approaches should be used carefully, especially in a lasing threshold determination. ~exp( ) i t w , the set of Maxwell's equations is reduced to the set of Helmholtz equation [7] ¶ ¶
where ¶ ¶ ¶ u u º , u = x, y, E is the electric field vector of the electromagnetic wave, n is the position dependent complex refractive index of the laser domain, k0 is the vacuum wave number, and N eff is the structure complex effective index. The field distribution within the domain of the waveguide is assumed to be a product of two functions, which is true only for a uniform, free source domain.
The E x (x) function is expected to approach precisely the solution in the x direction, whereas the second one, E xy (x,y), is only weakly x-dependent. After some manipulations, one can get two plane wave equations are n and n i , respectively, and for Eq. (A.4), n i and N eff , respectively. u j assigns the position of the edge of the region. The regions are assumed to be rectangularly shaped. The amplitudes A and B and the parameter g can be found using the transfer matrix method [11] .
The scalar modes are named TE ji where the indices j and i refer to the number of nodes in the mode distribution along the x and y directions, respectively. For each cavity mode, the lasing threshold is determined from the condition of its real propagation constant, i.e., the threshold is reached when the propagation-constant imaginary part is reduced to zero.
= -º -. (B.3)
After discretisation of Eq. (B.3) in the x direction [6] , it can be solved in the base, which diagonizes the Q E matrix. That enables us to find the characteristic value of the problem, which corresponds to the effective index value, as well as the characteristic vectors, which determine the distribution of the electromagnetic field within the structure. 
